Npeg -TR- 733

 NATIONAL ADVISORY CONMITTEE
'FOR AERONAUTICS

- REPORT 933

“/PERFORMANCE OF CONICAL JET NOZZLES IN TERMS
:OF_FLOW AND VELOCITY COEFFICIENTS

drrarsn |
arng CREY, Jr.and 1, DEAN\WILSTED . ~

REPRODUCED BY

ATIONAL TECHNICAL
I:FORMATION SERVICE

DEPARTMENT OF COMMERCE
vs D‘SPRINGFIELD. VA. 22161

\{



M=

.
A

. v

P’

o U t~ “ﬂ ‘3% .

AERONAUTIC SYMBOLS

‘ 1. ruummmu AND DERIVED UNTTS .
. -
- ‘ " Metdo . ~ ** English
\ . :
) o o . Unit - Abm"’ Unit Abbreviation
gth_._... i - mem..‘ ................ m foot (or mile) ......... ft (or mi)
Time._..... - [ 1second. daeenaaa ... s second (or hour).......| sec (or hr)
; Foroe........ F wvlght ol 1 kilogram.... .. kg weight of 1 pound ..... b -~
- Power.......| P | horsepower (wo).-.-- e horsepower.. - - ... .. n
Speed._.. v {kilomoﬁsuporhonr ...... kph miles per hour.. _.____. n?ph
e meters per second . cceman mps feet per neond---.--;- tpl
. . - ! . ) . \
Cee 2 Gmmu. snnox.s :
W , Weight=mg. ~ . y Kinematic vueouty

!
“anh w® T~ 3

~ -

Standard acceleration ol gnnty-Q 80669 mls’ Py Density (mass per unit volume) .
or 32.1740 ft/sec’ Standard density of dry air, 0.12497 kg-m~*-? at 15° C

Meass=Y and 760 mm; or 0.002378 Ib-ft=* sec?
g ’ Specific wenght. of *“standard” uu', 1.2256 kg/m® or
Moment of inertis=mk*. (Indicate axis of  0.07651 Ibjcu ft >
radius of gyration k by proper subscrlpt. ) ‘
Coeﬁcxent. of vueouty ' o - <,
. . S s monrmmc smno:.s .- =Y
o s — N "‘ , .
__Ares oo . A.ngle of set.t.mg ofwmgs (relauvo to tnrust line)
" Areaof wing : , $y Angle of stabilizer sett.mg (rehtxve to. thmst
Gsp- S line)
Span . o = s T Q Resultant moment
Cho@ ‘ ‘ ' - : @ ' Resultant angulur velocxt.y
-~ As'pect ntio, g i B . Reynolds numBet ﬁ—— where lis a linear dimen-~
'I‘ruourapeed ‘ . \ .+ sion (e.g:, for urlurfod of 1.0 ft chord, 100.
] - mph, standard pressure at 15° C, the corre-
-Dynnmn pregéure, 5 oV R _+  sponding. Reynolds number is 935,400; or for
’ & ' ., an airfoil of 1.0 m chord, 100 mps, the corre-
wt' 'b”l““ cient C"’-_sz) ' -+ '+ i~ . sponding Reynolds number is 6,865,000)
: 'Dng culﬁ - < Angle of attack
ahoolute ctetit Co* 8 - D:;_’ - "' ¢ Angle of downwash- '
oo % . ay~ -Angle of attack, infinite aspect ratio
: 'Pmﬁle dra.g a.beoluto cient Coy= _§ © @ Angle of attack, induced '
Induced drag absolute coefficient Cp,= _3 a. Angle of .n!,tack, absolute (measured from zero-
lift position) - o

‘Pl.runto drag, absolute coefficient G',,,sa—é S ‘Flight-path angle

Cross-wind forcs, sbsoluu coefficient 00--!-3 - L Co

4 , ; e
- / S R N .-;"

\ . . .. : . ) R

o



REPORT 933

PERFORMANCE OF CONICAL JET NOZZLES IN TERMS
OF FLOW AND VELOCITY COEFFICIENTS
By RALPH E. GREY, Jr. and H. DEAN WILSTED

Lewis Flight Propulsion Laboratory
Cleveland, Ohio




National Advisory Committee for Aeronautics
Headquarters, 1724 F Street NW., Washington 25, D. C.

Created by act of Congress approved March 3, 1915,

of the problems of flight (U. S. Code, title 50, sec. 151).

for the supervision and direction of the scientific study

Its membership was increased from 12 to 15 by act

approved March 2, 1929, and to 17 by act approved May 25, 1948. The members are appointed by the President,

and serve as such without compensation.

Jesoux C. HUNBAKER, Sc. D., Cambridge, Mass., Chairman

ALEXANDER WETMORE, Sc. D., Secretary, Smithsonian Institute, Vice Chatrman

Bon. Joux R. ALisoN, Assistant Secretary of Commerce.

DeTLEV W. BroNk, PH. D., President, Johns Hopkins University.

KazL T. Coapron, Pr. D., Chairman, Research and Development
Board, Department of Defense.

Epwarp U. CoNpoN, Pm. D., Director, National Bureau of
Standards. - . .

Jauzs H. Doorrrriy, Sc. D., Vice President, Shell Union Oil
Corp.

R. M. Hazex, B. 8., Director of Engineering, Allison Division,
General Motors Corp. : '
Wniiax Litrizwoop, M. B, Vice President, Engineering,

American Afrlines, Inc.
THrovorE C. LONNQUEST, Rear Admiral, United States Navy,
Deputy and Assistant Chief of the Bureau of Aeronautics.

DonaLp L. Purr, Major General, United States Air Force,
Director of Research and Development, Office of the Chief of
Staff, Matériel.

JorN D. PrIcE, Vice Admiral, United States Navy, Vice Chief of
Naval Operations.

ArtHUR BE. Rarmonp, So. D, Vice President, Engineering,
Douglas Aircraft Co., Ine.

Francis W. REICHELDERFER, S0. D., Chief, United States Weather
Bureau.

HoN. Dxros W. RenTzeL, Administrator of Civil Aeronautics,

. Department of Commerce,

Horr S. VANDENBENG, General, Chief of Staff, United States Air

Force.

- Tapopore P. WeiHT, S¢. D., Vice President for Research,

Cornell University.

Huer L. Drypew, Pr. D., Director
JoEN W. CrowixY, Jr., B. S. Associate Director for Research

Jorx F. Vicrory, LLM. Ezecutive Secretary

BE. H. CEAMBERLIN, Brecutive Oficer

Hrnzy J. B. Rem, D. Eog., Director, Langley Aeronautical Laboratory, Langley Fleld, Va.
SurtE J. DrFrance, B. 8., Director, Ames Aeronautical Laboratory, Moffett Fleld, Calif.
Epwaeo R. Smare, So. D., Director, Lewis Flight Propulsion Laboratory, Cleveland Airport, Cleveland, Ohio

TECHNICAL COMMITTEES

OPERATING PROBLEMS
INpUBTRY CONSBULTING

AERODYNAMICS
PowER PLANTS FOBR AIRCERAFT
AIRCRAFT CONSTRUCTION

Coourdination of Research Needs of Military and Cilvil Aviation
Preparation of Research Programs
Allocation of Problems
Prevention of Duplication
Consideration of Inventions

AMES AERONAUTICAL LABORATORY,
Moffett Field, Calif.

Lewis FLIGHT PROPULSION LABORATORY,
Cleveland Airport, Cleveland, Ohio

LANGLEY AERONAUTICAL LABORATORTY,
Langley Field, Va.

Conduct, under unified control, for all agencies, of scientific research on the fumdemental problems of Right

OVFICE OF AERONAUTICAL INTELLIGENCE
Washington, D. C.

Collection, clussification, compilution, and dissemination of scientific uné technical information on acronautics

1



REPORT 933

PERFORMANCE OF CONICAL JET NOZZLES IN TERMS OF FLOW AND VELOCITY
COEFFICIENTS

By RaLrr E. Grey, Jr. and H. Deax WriLsTED

SUMMARY

Performance characteristics of conical jet nozzles were deter-
mined in an investigation covering a range of pressure ratios
from 1.0 to 2.8, cone half-angles from 5° to 90°, and outlet-inlet
diameter rative from 0.50 to 0.91. All nozzles investigated had
an inlet diameter of 5 inches.

The flow coefficients of the conical nozzles investigated were
dependent on the cone half-angle, outlet-inlet diameter ratio, and
pressure ratio. The velocity coefficients were essentially constant
at pressure ratios below the critical. For increasing pressures
above critical pressure ratio, there was a small decrease in velocity
coefficient that was dependent on pressure ratio and independent
of cone half-angle and outlet-inlet diameter ratio. Therefore the
variation in performance (air flow and thrust) of several nozzles,
selected for the same performance at a particular design condi-
tion, was proportional to the ratio of their flow coefficients.

INTRODUCTION

A correctly designed jet nozzle as a device for converting
pressure energy to kinetic energy is an essential part of an
efficient jet-propulsion power plant. Current jet power
plants utilize, with but few exceptions, the conical subsonic
jet nozzle because it is simple, inexpensive to fabricate, and
the configuration is inherently strong and rigid.

In the design of jet nozzles, it has been necessary in the past
to use approximate velocity and discharge coefficients. This
necessity, coupled with the effects of other engine-design
uncertainties, often requires changes in the design of the
jet nozzle during prototype-power-plant tests. Exact nozzle-
performance data would enable a more rational process of
selecting a nozzle to perform a specific task and would also
enable the designer to predict more accurately power-plant
performance over the complete operating range.

Performance characteristics of 15 conical nozzles were
experimentally determined at the NACA Lewis laboratory
in the early part of 1947 and are presented herein. The
nozzle configurations in.  stigated have outlet-inlet diameter
ratios ranging from 0.50 to 0.91 and cone half-angles ranging
from 5° to 90°. All the nozzles have inlet diameters of 5
inches. For each configuration, the pressure ratio was
varied between 1.0 and 2.8. For convenience, outlet-inlet
diameter ratio and cone half-angle are hereinafter referred
to as “diameter ratio”” and “cone angle,” respectively.

The results of this investigation should be useful for the
desizn of or for the determination of the performance of

868.3469—50

. . : 1’
conical jet-propulsion nozzles. Factors relating to ﬂm!
similarity are considered to aid in determining the vahdlt‘ﬂ\ e,

of applying these results to other conical-nozzle uses. '

The following symbols are used in this report:

A
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01_ .
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SYMBOLS

cross-sectional area, (sq ft)

flow (discharge) coefficient, W,/W,

effective velocity coefficient, V,/V,

velocity coefficient, Va/V,

specific heat at constant pressure, (Btu/(Ib)(° F))

diameter, (ft)

jet thrust, (Ib)

acceleration due to gravity, 32.17 (ft/sec?)

mechanical equivalent of heat, 778 (ft-lb/Btu)

Mach number

mass, (slugs)

total pressure, (Ib/sq ft)

static pressure, (Ib/sq ft)

gas constant, 53.3 (ft-lb/(lb)(° F))

Reynolds number

total temperature, (° R)

indicated temperature, (° R)

static temperature, (° R)

jet velocity, (ft/sec)

effective jet velocity, (ft/sec)

fluid flow, (Ib/sec)

jet-nozzle cone half-angle, (deg)

thermocouple impact-recovery factor

ratio of specific heat at constant pressure to speclﬁc
heat at constant volume

viscosity, (Ib/(sec)(ft))

m

p fluid density, (Ib/cu ft)
T time, (sec)
Subscripts:

m measured value
t theoretical value
z example nozzle 1
y  example nozzle 2
0 ambient

1 jet-nozzle inlet

2 jet-nozzle outlet

A prime indicates conditions of critical (sonic) flow in the
nozzle outlet (throat).

1
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ANALYSIS

In order to design a nozzle for a specific application, two

performance characteristics are generally required: the flow
capacity, and the effectiveness of converting pressure energy
to kinetic energy or velocity. Flow capacity and effective-
ness of energy conversion are evaluated in terms of flow co-
efficientC, and velocity coefficient C,, respectively, which

are defined as W
04= W:“ (1)
and
Va

%" The evaluation of these coefficients is based on the tem-
X speratures and the pressures at stations 1 and 0 in the follow-
- Ang sketch:

(4

———— - — ———— - —a f— ———

Station Station 2 Stotion O

These quantities are usually available for jet-propulsion or
ejector nozzles. The evaluation is based on one-dimensional
compressible-flow equations, so that the coefficients obtained
may be easily applied. Inasmuch as the pressure distribu-
tion in the plane of the jet-nozzle outlet (station 2) is gen-
erally unknown, the discharge pressure is assumed to be
atmospheric for subcritical pressure ratios. For super-
critical pressure ratios the fluid is assumed to expand only
to the critical pressure, which is the discharge pressure that
will just produce sonic velocity in the nozzle throat. The
critical pressure can bc determined by differentiating the
equation for mass flow through a nozzle with respect to the
downstream static pressure p. and setting the result equal
to zero. This operation gives

pi_( 2V
Pf—<1+1. @

The actual jet velocity V. was obtained from the jet
thrust in the following manner: The equation for jet thrust
for subcritical pressure ratios can be written from Newton’s
second law of motion as

which states that the force is equal to the rate of change of
momentum. Then, if the fluid is assumed to start from rest
(stagnation conditions at station 1), this equation may be
rewritten as
F="ny
i— g m,2

— OagWRO. Vg'. (5)

I
I
{

1

The theoretical jet velocity may be derived from the
conservation-of-energy equation

2 2
(2‘;};)’ +4= (2‘;:]2)’ +t,=T, (6)

If the change in ¢, is assumed to be negligible between T,

and &,
Vl.3= -VngC,(TI—t,) (7)

The temperature at the nozzle outlet can be determined
from the isentropic-expansion expression

¥=1

(B

Then equation (7) becomes

—
V._,=\/ 2gJe, T, [1—(-11;—3 ' ] (9)

The weight flow at any section may be expressed by the
continuity-of-flow equation and at station 2 may be written as

Wi=pudiVis (10)

From the gas law and the isentropic relation, and for subsonic
flow with p,=p, assumed,
y—1
=

_DPa_ P (Py7
pm_Rtg_RTl Po) (11)

Substituting this value of p,, in equation (10) gives

-!:_l
W= g (5) 7 Va (12

in which V,, may be evaluated by equation (9).

For supercritical pressure ratios, there is an excess of
pressure (p;—po) beyond that converted to velocity. The
pressure at tke nozzle outlet p, may be computed from equa-
tion (3). For supercritical pressure ratios, equation (5)
then becomes

F1=LZE Va+ Az (pa—po)

rdd

=C4 —gi CVia+ A:(p:—po) (13)

Critical or supercritical pressure ratios across the nozzle
establish sonic velocity and the maximum flow obtainable at
the particular nozzle-inlet condition (£, and T,). When the
critical-pressure relation (equation (3)) is substituted 1in
equations (9) and (12) and similar ter~- are grouped, the
critical-flow condition is

! =/ 2gJ¢, T :’7;—} (14)
and
1
Wi=aWi g () a3
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A simplification of the thrust calculation for supercritical
pressure ratios (equation (13)) can be obtained if the cal-
culated pressure term is dropped and the thrust calculation
is based on an effective jet velocity V,:

FJ-'g_- a2

- C« ngi C-.c Vx,z (16)

The theoretical velocity is based on the assumption of

complete isentropic expansion to atmospheric pressure even
though the pressure ratio across the nozzle may exceed the
critical pressure ratio. The theoretical velocity may be
calculated from equation (9) with p;=p,. The effective
velocity coefficient C,, from equation (16) 1s

Values of both C, and C,, are presented. For convenience,
O, will be designated the velocity coefficient and C,, the
effective velocity coefficient. Below the critical pressure
ratio, p; is equal to p,, which makes the two velocity coeffi-
cients equal from the equality of equations (13) and (16).

The Reynolds numbers were calculated using the nozzle-
outlet diameter in the following equation:

Rc=&‘%& 18)

The Mach numbers were calculated for two_values of v by

Y—1 X
1/ 2 (B _
M_\/v—l[ Po) 1] (19)

APPARATUS AND PROCEDURE

C..= v, an The apparatus used is diagrammatically shown in figure 1.
“V, The air flow, supplied to the apparatus at approximately
| Standard
ASM.E. orifice
Detail A=, T e 4"“
hY
\ )
\\ L] 1
\\

r___.\‘_.. —_ e ————— —i _-~Hinge support

' 1

' |

! |

I ~ | .

| g ~ | Flexible

| L= S connectors

| '-_-_- | \%\ ”,

| | |

| | . |

: Detail A
Supporting )
structure --——-
Thermocouples and
\ . pressure ftubes
7/
/
. ’
ﬂ4.] Y e Nozzle
ll L4 /’
4 || - -
/
/l L] J
/I l v

s
/

Thrusf—measurfnlg
device

\ 3.4 diam (D,) ‘

Station / Station 2

Fiourg 1.—Disgrammatic sketch of apparatus
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80°F, was determined by use of & standard A.S.M.E. orifice
(reference 1). The apparatus was attached to the air-
supply system through flexible metal bellows to allow the
apparatus to swing freely from a hinged joint, so that thrust
could be directly measured; & balanced-pressure diaphragm-
type thrust indicator was used.

The nozzle-inlet instrumentation (station 1) consisted of
two unshielded iron-constantan thermocouples, two total-
pressure tubes, and two static-pressure tubes. The mini-
mum distance between the nozzle outlet and the inlet instru-
mentation was greatest for the 5° nozzle, with a diameter
ratio of 0.50. The distance required in this installation,
3.4 inlet diameters, was used for all installations. The
instrumentation was placed at a distance from the wall of
20 percent of the radius. This distance was determined by
investigation with rake surveys at station 1 in order to
obtain true average readings. By using these readings, air
flow that agreed within 1 percent of the orifice-measured
air flow was computed.

All nozzles were of welded 16-gage sheet steel with an
inlet diameter of 5 inches. Nozzles deviated somewhat
from design dimensions in some cases as can be seen in table I,
which gives the nozzle configurations and measurements.
Because of the deviations in dimensions, the data were cross-
plotted to obtain data corresponding to the same angles for
each of the diameter ratios investigated.

All nozzles were investigated by varying only the nozzle-
inlet total pressure, which could be measured directly
within 40.05 inch of mercury.

The indicated temperature T, measured at station 1 was
corrected to total temperature. The nozzle-inlet indicated
temperature is a measure of the' static temperature plus a
portion of the stagnation-temperature rise; the general
equation is

T.=t+8 (2—;7’0—,) 20)

From calibration tests of thermocouples of the type used,
the impact-recovery factor 8 was found to equal 0.80. With
the value of 8 known, the nozzle-inlet total temperature T,
can be calculated from indicated temperatures by the general
equation

,T‘

=1 ; (21)
1+(1—8) [(,%) i —1]

Inasmuch as the temperature of the working fluid was nearly
the same as that of the surroundings, the radiation and
conduction losses from the thermocouples were considered
negligible.

T=

RESULTS AND DISCUSSION

FLOW SIMILARITY

In order that the data obtained on the 5-inch nozzles can
be directly applied to full-scale jet-engine nozzle design and
performance, flow similarity must be established between the
model and full-scale nozzles. The predominant factors for
flow similarity are geometric similarity, Reynolds number,

and Mach number. The geometric similarity is satisfied by
selection of the proper model nozzle for coruparison.
The range and the comparison of Reynolds number is shown

in figure 2. The range of Reynolds numbers for the model
5x/0", T T T
4 Jet diameter b1
Dl ‘——-—'
in) e
I 18.75 Loeat=" ;V"
- _,.Q“ L1
%5 ol 4580
u K
N7 —
g L JPOT - P
- /,.- 1 //' i
DI OxIO* = < T |
S 250 x 1
o L :
v 7 + *
T 4 [ | i
. J Model nozzies '
5 ----- Typica/ full-scale o —
/] nozzies | P
4 / H 1
; [ [ || |
1.0 1.2 1.4 L6 1.8 20 22 24 26 28

Pressure ratc, Pjp,

Figurk 2.—Range and comparison of Reynolds number for model and full-scale nozzles over
range of pressure ratios.

nozzles is approximately between 3% 10° and 4X10°% The
range of Reynolds numbers for typical full-scale jet-engine
nozzles is between 810 and 3X10° The effects of Rey-
nolds numbers were not investigated. Inasmuch as the range
of Reynolds numbers of the model and typical full-scale
nozzles is of approximately the same order of magnitude, the
difference in Reynolds number is considered negligible in the
application of the model data to full-scale-nozzle design and
performance.

The comparison of Mach number for two values of ratio of
specific heats v plotted against pressure ratio is shown in
figure 3. The value of v for the model nozzles is approxi-

1.0 - T :
- T
,‘7 | !
:.a : 1 Iy
5 p L L
g 7 Ratio of | | b
3 ’ {pecifrc h‘eafsﬁ ! 1 J‘
< .4 / ! /.:'wf ! v‘ | ‘
§ Vi R X B N
< b i |
2 I L DA B
- I
! Lo [ |

g . i L :
10 1.2 12 1.6 1.8 20 2.2 24 26 2.8
Pressure rotio, P,/p,

Ftoure 3.—Comparison of Mach number for two values of ratio of speciflc heats over ranuw
of pressure ratios. (v for model nozzles, approximately 1.40; v for [ull-scale nozzles. 1.3
to 1.40.)

mately 1.40 and the value of v for typical full-scale jet-engine
nozzles is between 1.30 and 1.40. For test conditions of equa
Mach number, the difference in pressure ratio is small. Thi:
small difference in pressure ratios will be shown in the follow
ing section to have very little effect on the nozzle coefficients
From the foregoing analysis, flow similarity between th
modcl and full-scale nozzles appears to have been sat.afied
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with reasonable accuracy and the results of the model tests | performance of all nozzles investigated. For all nozzles, the
are considered directly applicable to full-scale-nozzle design | flow coefficient increased with an increase in pressure ratio.
and performance, Also a rapid decrease in flow coefficient with increasing nozzle
FLOW COEFFICIENT cone angle can be seen.
Values of flow coefficient for nozzles with cone angles of
The!eﬁects on nozzle performance of changes in diameter | 5°, 15° 30°, 45°, and 90° were obtained from cross-plotting
ratio, cone angle, and pressure ratio are presented. Figure 4 | values of flow coefficient obtained from figure 4 against the
shows the measured effects of change in pressure ratio on the | nozzle cone angle for each diameter ratio. These data were
.00
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(n) Outlet-inlet diameter ratio, 0.50.
(¢) Outlet-inlet diameter ratio, 0.80.

Pressure rato, P/p.

(b) Outlet-inlet dismeter ratio, 0.67,
{d) Outlet-inlet diameter ratio, 0.91.

FIGURE 4.— Varistion of conical-nozzle flow coefficient with pressure ratio across nozzle for various cone hall-angles.
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’ ’ ' Pressure ratio, Pjp, ) ’ FlGURE 7.—Variation of conical-nozzle flow coefficient with outlet-iulet area ratio for various
pressure ratios.
FIGURE 8.—Vuriatlon in flow coeflicient with pressure ratio for discharge (rom straight pipes.
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FicUre 7.—Concluded. Variation of conical-nozzle flow coefficient with outlet-inlet area
ratio for various pressure ratios.

pressure ratios are presented in figure 7. The maximum
values of the flow coefficients mentioned in the discussion of
figure 5 are better seen in figures 7(a), 7(b), and 7(c) for
cone half-angles of 5°, 10°, and 15°, respectively. Figure 7
presents the data in the most convenicnt form for use in
uesign of conical nozzles. The use of area ratio instead of
diameter ratio for these charts simplifies the selection of a

nozzle to give a desired flow rate.
® VELOCITY COEFFICIENT

The velocity coefficients C, are given for all nozzles in
figure 8. One value of velocity coefficient, 0.945, represents
the data obtained with all nozzles within £0.03, between
prescure ratios of 1.3 and the critical value (approximately

1.9). The scatter of the data due to inaccuracies in the
measurements of flow and thrust at pressure ratios below
1.3 was great enough to obscure any trend of the nozzle
performance at the very low pressure ratios. At super-
critical pressure ratios, the velocity coefficient decreased to a
value of 0.893 at a pressure ratio of approximately 2.8. The
mean curve represents the supercritical data within +0.03.
The velocity coefficient was essentially independent of cone
angle and diameter ratio and dependent only on pressure
ratio.

The effective velocity coefficients O, ., (fig. 9) are used only
for the simplified thrust calculations for all the nozzles
investigated. One value of effective velocity coefficient,
0.945, represents the data obtained with all nozzles within
+0.03 between pressure ratios of 1.3 and the critical value.
This value is the same as that obtained for the velocity coeffi-
cient of figure 8, because the velocity coefficient and the
effective velocity coefficient are identical in the subecritical-
pressure-ratio operating range. At supercritical pressure
ratios, the average value of effective velocity coefficient
decreases slightly to 0.934 at a pressure ratio of approxi-

mately 2.8.
COMPARISON OF THRUST PERFORMANCE

The variation in thrust with change in pressure ratio is a
function of only the flow coefficients and exit areas, as can
be demonstrated:

From equation (16)

FJ_'E = Cd.le.th.c. z V!.s (90)
Fi.v E‘.V‘Vucv.l.vvt.v -

The velocities are functions of only pressure ratio and
initial temperature (equation (9)) and at any particular
operating condition are therefore equal. The velocity co-

l | I T Ouflet-intet T Outlet-infer |
116 Cone holif- —-ciometer | Cone haif-1_ giame rer."_‘
angle, o ratio angle, o ratrio
(ceg) -D2/D, (aeg) D,/D,
112ko 5 050 | _w /5 080/
a 13 .50 [N 39 .80
& e 30 504 a4 S0 .80
o 40 .50 [ ) .9/
> 108t¢ S0 50 +—a /5 .9/
% a /6 .67 ° 29 .9/
S re ?;g 675 S0 .97
N 4 .67
=104 1
g f
:‘/. [20]
Q ;
3 ;
v .96 j
Q a
-8 A ‘&-"}“J\od‘ S
B q IERES
(EJ .88 < l ’ e |
8
84— i
a | |
80 L [ | [ A

1.0 .2 1.4 /.6 /.8 20 2.2 24 26 28
Pressure rotio, Pi/pg

FiavRg 8.—Variation of conical-nozzle velocity coetficient with pressure ratio for various cone
half-ungles and outlet-inlet diameter ratios.
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efficients are also equal because they are a function of only
pressure ratio (fig. 9). The air-flow ratio W, /W,, is
equal to the ratio of outlet areas for any particular operating
condition. (See equation (12).) The thrust ratio may be
written as

Ej._z —_ Cd.:AL:
F!w Dl.rAz.l (23)

Inasmuch as the exit areas are fixed, the ratio of perform-
ance (air flow and thrust) of nozzles of different design
selected for the same thrust at a particular condition is pro-
portional to the ratio of flow coefficients.

Thrust with the 90° and 5° nozzles is compared in figure 10
over a range of pressure ratios between approximately 1.0
and 2.8. These two nozzles were designed to give the same
thrust (effective flow area and air flow) at a pressure ratio of
20 and were chosen to show the maximum variation in
thrust. The variation in thrust between the two nozzles
with increasing pressure ratio results from the larger outlet
area of the 90° nozzle and & more rapid increase in flow co-
efficient than for the 5° nozzle. The thrust ratio increases
for the 90° nozzle with an increase in pressure ratio above the
design pressure ratio because of the greater effective flow
area, and decreases with a decrease in pressure ratio because
of the smaller effective flow area.

SUMMARY OF RESULTS

From an investigation of conical jet nozzles with inlet
diameters of 5 inches, outlet-inlet diameter ratios from 0.50
to 0.91, and cone half-angles from 5° to 90° at pressure ratios
from 1.0 to 2.8, the following performance characteristics
were determined:
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LI8—TCone hoif- inlet Cone half-"1T" iniet
angle, o  diamerter, angle, a _|diometer

. (deg} ratio ratio
3172 —+ D,/D, —t D,/D,
- o 5 050 < /5 080

I a /3 .50 n 39 a0
% ogl_o 3 .50 a 90 a0
24 o 40 50 > -6 kY
‘G | o 90 50 ¢ a !5 9/

s} a (6 67 o 29 9/
O/p08+—v 48 67 a 90 9/
> r 90 67

8
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§ v $h---k 4L 3 2 SR N ‘,Q & 4
; 2“4 4 @& - N E ° ‘6- A-
q’ ‘.% ) ry 0 -3 2
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FIGURE ).—Variation of conical-nozzle effective velocity coefMicient with pressure ratio for
various cone hail-ungles and outlet-inlet dinmeter ratios (used only for simplification of
thrust calculations).

1. The flow coefficient for all nozzles increased with in-
creasing pressure ratio.

2. The flow coefficient for all nozzles increased with
decreasing cone half-angle.

3. The flow coefficient of nozzles with small cone haii-
angles reached an optimum at a diameter ratio of about
0.75. The flow coefficient of nozzles with large cone half-
angles in general increased with increasing diameter ratio.

4. The velocity coefficient could be reasonably well
represented by a value of 0.945 in the range of pressure
ratios from 1.3 to the critical pressure ratio. At pressure
ratios above the critical value, the velocity coefficient
decreased to a value of 0.893 at a pressure ratio of 2.8.

5. The velocity coefficient was essentially independent of
cone half-angle and of outlet-inlet diameter ratio.

108

)
&
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8
N
\

e

Percent of 5° nozzke thrust
N

D
[+
N,

84
1.0 1 1.4 1.6 1.8 a0 22 24 26 28
Pressure ratio, B/p.

FicuRs 10.—Comperison of thrust of 90° nozzle with that of 5° nozzle at various pressure
ratios. (Design points, Pyps. 2.0; Ay A1 of 90° nozzle, 0.506; Av/A, of 5° nozzle, 0.490.)

6. The effective velocity coefficient was based on the
assumption of complete isentropic expansion to ambient
pressure when the nozzle is operated above the critical
pressure ratio, and was identical with the velocity coefficient
below the critical pressure ratio. Above the critical pressure
ratio, the effective velocity coefficient decreased from 0.945
to 0.934 at a pressure ratio of 2.8.

7. The comparative performances (thrust and air flow) of
nozzles selected for the same performance at a particular
design condition were proportional to the ratio of their flow
coefficients because the velocity coefficient is essentially
independent of nozzle design.

Lewis FricaT PropPULSION LABORATORY,
NaTioNaL ADVIsORY COMMITTEE FOR AERONAUTICS,
CLevELAND, Omnro, September 7, 194S.
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[Coae half-angle « measured at 90° intervals around periphery;

TABLE [—NOZZLE CONFIGURATIONS AND MEASUREMENTS

outlet diameter D; measured at 60° intervals around periphery; inlet diameter D, of all nozzles, 5 in.]

Cone half-angle Outlet diam- Diameter ratio
Configuration Measurement a, (deg) eter Dy, (in.) Dy/ D, ‘
i
|
'\ 1 5.8 2,518 0. 5030 i
2 4.0 2 528 . 5056
A 3 33 2 4 ~4088
4 &5 . | .
Av 5.0 2.512 . 5024
R — 1 14.0 2. 406 0. 4990
2 14.5 2.5%4 . 5048
B - 3 13.0 2490 <4980
- 4 20 | 0
Av 13.4 2.503 . 5006
—_— 1 31.0 2 504 0. 5008
: 2 2.0 2 500 . 5000
o} 3 30.8 2.501 . 5002
'_*_/ 4 20 | ...\
Av 30.0 2,502 . 5004
— 1 9.5 2.4 0. 4998
2 40.5 2.513 . 5026
D 3 30.0 2. 483 . 4986
4 08 | .. 0
! Av 0.0 2.502 . 5004
— 3 1 90.0 2 500 0. 5000
2 920.0 . 2500 . 5000
E 3 90.0 2.500 . 5000
N 4 0 | .. T
f Av 90.0 2 500 . 5000
‘ﬂ 1 18.5 3.312 0. 6824
. 2 16.5 3.318 . 6636
F 3 16.3 3.378 . 6756
n o | 0 1 LT
—_— Av 15.8 3.236 .6672
— 1 47.7 3.387 0.6734
N 2 8.7 3.351 L6702
e 3 7.9 3.337 . 6674
It L o
/
r Av 48.0 3.352 L6704
— D 1 90.0 3.333 0.667
2 90.0 3.333 .667
H 3 90.0 3.333 .867
4 L N R
B
r Av 90.0 3.333 . 887
o 1 143 3.905 0. 7990
2 15.2 4.014 . 8028
3 1.8 3.985 . 7970
I n s | 0 T
. Av 15.0 3.008 . T908
- 1 8.5 3.900 0. 7980
~ 2 8.5 3.985 . 7970
3 39.5 3.906 7992
J 4 o T
, Av 8.9 3.900 . 7980
. 1 20.0 4.000 0.8000 : .
. 2 90.0 4.000 . 8000
3 00,0 4,000 . 8000
K 4 0.0 | |
. 5 Av 90.0 4.000 . 8000
1 8.0 4.570 0.9140
—_— 2 8.0 4.552 9104
3 5.3 4.580 9160
L 4 62 | ___ | 7T
Av 5.9 4.567 9134
‘ 1 14.8 4.528 0. 9056
— i 2 15.0 4.498 . 8002
3 14.8 4.519 . 9038
M 4 o | 0| LT
Av 14.9 4.514 . 9028
1 2.5 4.531 0. 9062
— 2 2.0 4.538 . 9076
3 2.5 4580 9100
N I b e
Av 2.1 4.540 . 9080
1 90.0 4.545 0. 9090
— - 2 90. 0 4.545 . 9090
3 M. 0 4.545 . 9090
0 4 L o i
R Av 0.0 4.545 . 5090
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